This study aimed to determine the effect of late-onset sepsis (LOS) on the development of bronchopulmonary dysplasia (BPD) in extremely low birth weight (ELBW) infants. A prospective cohort study was performed using data collected from 64 centres registered in the Korean national registry. LOS was defined as a positive blood culture and antibiotics treatment after 72 hours of life and prior to 36 weeks postmenstrual age (PMA). Data on the causative organisms were collected and analysed for respiratory outcomes. Among the 1,434 ELBW infants who survived to 36 weeks PMA, 481 (34%) developed LOS caused by bacteria (n = 405), fungi (n = 28), or both (n = 48). The incidence of BPD was significantly associated with LOS in both the entire cohort and the propensity score-matched cohort. Two or more LOS episodes were a risk factor for BPD. The impact of multiple episodes of LOS on BPD was prominent in infants who received mechanical ventilation for two weeks or less. The estimated odds ratios for BPD and severe BPD were greater with fungal LOS than with bacterial LOS. In conclusion, LOS, particularly complicated by multiple episodes and/or fungi, was a risk factor for BPD in ELBW infants.
Results
During the study period, 2,073 ELBW infants were registered in the Korean Neonatal Network (KNN) registry. Among them, 639 infants were excluded for death prior to 36 weeks postmenstrual age (PMA) (n = 544), major congenital anomalies (n = 44) and positive blood culture results ≤72 hours after birth (n = 51).
Of the 1,434 ELBW infants who fulfilled the inclusion criteria, 481 (33.5%) were diagnosed with LOS. The mean time at diagnosis of the first LOS episode was 27.3 (10-41) days after birth. LOS was caused by either bacteria (n = 405), fungi (n = 28), or both (n = 48). A total of 724 LOS episodes were reported among the 481 infants, and 36.4% (175/481) of the infants experienced multiple episodes, as follows: 2 (n = 120), 3 (n = 344), 4 (n = 49) and 5 (n = 2) episodes. For ELBW infant survivors who experienced bacterial sepsis, the rate of gram-positive and gram-negative bacteria was 84.1% and 15.9%, respectively. Coagulase-negative Staphylococci (CoNS) was the most common organism with an incidence of 40.3% (Table 1) .
Clinical characteristics and neonatal outcomes were compared between the infants with LOS (LOS group) and those free from LOS (no LOS group). The LOS group had a lower gestational age and birth weight and higher incidences of most neonatal morbidities than the control group. Regarding respiratory morbidities, the LOS group had a higher incidence of BPD, severe BPD, use of corticosteroids and home oxygen therapy as well as a longer duration of IMV support than the control group. The rate of LOS was lower in neonatal intensive care units (NICUs) with 40 or more beds. The associations between LOS and respiratory outcomes including BPD and longer hospital stays were identified with propensity score matching ( Table 2) .
The ELBW infants who survived to 36 weeks PMA reported BPD and severe BPD incidences of 56.9% and 38.9%, respectively. Compared to the infants without BPD (no BPD group), those diagnosed with BPD (BPD group) had a lower gestational age and birth weight as well as a higher incidence of being male. The BPD group had a higher rate of most major neonatal morbidities than the no BPD group. In the multivariate analysis, lower birth weight, male sex, RDS, treatment for patent ductus arteriosus (PDA), systemic corticosteroids, severe intraventricular haemorrhage (IVH), retinopathy of prematurity (ROP) requiring laser photocoagulation and LOS were risk factors for BPD (Table 3) .
We investigated the characteristics of LOS episodes and their impact on respiratory outcomes. After adjusting for potential confounders in the multivariate analysis of the propensity score-matched cohort, two or more episodes of LOS were significantly associated with BPD and severe BPD. As the number of LOS episodes increased, the odds ratios for BPD and severe BPD also increased. The odds ratios for the risk of BPD and severe BPD were greater with fungal LOS than with bacterial LOS. Combined bacterial and fungal LOS had a higher odds ratio than bacterial or fungal LOS in the univariate analysis. However, the significance disappeared when adjusted for the confounding variables including the number of LOS episodes (Table 4) .
We investigated the association between multiple episodes of LOS and the respiratory outcomes in the subgroups categorised according to IMV duration. The impact of multiple LOS events on BPD and severe BPD was significant in the infants who received IMV for two weeks or less ( Fig. 1 ). 
Discussion
Analyses of data from ELBW infants who survived to 36 weeks PMA revealed the following major findings. First, LOS was significantly associated with BPD and severe BPD, and the risk was further augmented by recurrent episodes of LOS. Second, relative to bacterial LOS, fungal LOS carried a greater risk of BPD. Third, there were no specific bacterial species that increased the risk of BPD relative to other bacteria. Our study had several methodological advantages over the aforementioned studies regarding the association between neonatal sepsis and BPD 2,3 . First, the data included were obtained from a large number of ELBW infants registered in a nationwide cohort. Second, detailed datasets on the episodes of neonatal sepsis in terms of diagnosis time and causative organisms were available. Third, the influence of many prenatal and postnatal variables that are potentially linked to both LOS and BPD were considered and adjusted for by propensity score matching. Notably, our results suggest that LOS acts as a risk factor for BPD, rather than simply being associated with it, in ELBW infants. Despite a temporal association between the occurrence of LOS and the diagnosis of BPD, the causality between the two factors could not be clarified in practice. As the duration of IMV increases, preterm infants are subjected to both infection and superimposed ventilator-induced lung injury (VILI). As expected, the LOS group experienced a longer duration of IMV even in the propensity-matched cohort; the data on this finding have already been presented in a recent study using the same national cohort 13 . To determine the direct contribution of LOS to the development of BPD, the outcomes should be compared in study groups with minimal or at least a balanced risk of VILI. However, the design of such a study is not clinically feasible because the infants subjected to LOS inevitably require higher levels of respiratory and other types of supportive care that affect pulmonary outcomes. A few animal studies demonstrated that bacterial infection in the postnatal developing lung, either as a type of septicaemia or lipopolysaccharide injection, stimulates the inflammatory response and subsequent structural change of alveoli that is suggestive of BPD 14 .
To the best of our knowledge, no clinical studies have determined the dose-response relationship between the number of LOS episodes and the risk of BPD in preterm infants. In the present study, the odds ratios for BPD and severe BPD increased as the number of LOS episodes increased after adjusting for several confounding variables including chorioamnionitis, RDS, treatment of PDA and postnatal systemic corticosteroids. All of these parameters can alter systemic or local inflammatory responses and thereby affect pulmonary outcomes in preterm infants. For example, infection increases the ductal prostaglandin production and increases the risk of reopening or persistent PDA, which subsequently contributes to the worsening of lung functions due to the increase in pulmonary edema 15 . Considering the hypothesis of the 'multiple hit' model in the pathogenesis of BPD, our finding is not surprising and warrants the need for infection control as a key target for the prevention of BPD 5, 16 . Notably, the association between recurrent LOS and BPD as well as severe BPD was most prominent in the subgroup of infants exposed to the shortest duration of IMV. This implies that recurrent LOS, if complicated during early postnatal days, has a significant impact on the development of BPD, irrespective of the VILI-dependent mechanism. www.nature.com/scientificreports www.nature.com/scientificreports/ In the present study, the risk for BPD did not differ between the infants with LOS caused by CoNS and those with LOS caused by other bacteria. This is contrary to the results of a small retrospective study in which CoNS-related sepsis increased the risk for BPD compared to other bacteria; however, our results are in line with the results of another large cohort study 3, 17 . The reason for this discrepancy remains unclear, but it may be due to differences in the study populations, the proportion of causative organisms and the treatment strategies employed. Because neonatal pro-inflammatory responses to CoNS are gestational age-dependent according to an in vivo study 18 , the differences in prematurity and the time of LOS occurrence might affect the pulmonary outcomes. In a cohort study from the Canadian Neonatal Network, the combined outcome of mortality and BPD was higher in infants with gram-negative bacteria than in those with gram-positive bacteria, but the difference was mainly attributable to the higher mortality in the group with gram-negative infections 10 .
In accordance with a large cohort study of very low birth weight infants 19 , fungal LOS was also associated with the risk of BPD, with a greater odds ratio than bacterial LOS. Compared to bacterial infection, fungal infection in rats induces a more severe lung injury characterised by capillary obstruction, interstitial haemorrhage and an elevated lung wet-to-dry ratio 20 . In a case-control study, candidemia was associated with the duration of IMV and previous bacteraemia, which are presumably the two most significant postnatal risk factors for BPD 21 . Because the incidence of isolated fungal infection was very limited in the present study, it remains unclear whether fungal LOS itself, mostly caused by systemic candidiasis, conferred a greater risk for BPD than bacterial LOS. Until now, there has been insufficient evidence that fungal prophylaxis reduces the risk of BPD, although a significant reduction of invasive candidiasis was reported in a recent randomised clinical trial 22 . Although the odds ratios were higher with combined bacterial and fungal LOS than with either bacterial or fungal LOS alone, the significance disappeared when adjusted for confounders including the number of LOS episodes. This suggests that repeated LOS episodes rather than the type of LOS (fungal or bacterial) increase the risk of BPD in preterm infants.
This study has several limitations. First, inherent to the retrospective study design, the treatment or prevention strategies for LOS and BPD may differ across the participating centres. Other treatment strategies that affect the risk of BPD, including fluid management, corticosteroid administration protocol and detailed information on ventilator care, were not available in our registry data. Second, because the main outcome of interest was BPD, the infants who died before 36 weeks PMA were excluded from the analysis. The mortality rate and the time of death following the occurrence of LOS vary depending on the causative organisms 23 . For example, the exclusion of infants who died from a severe single episode of LOS may result in selection bias in the final data analysis. Third, although adjusted for in the data analysis, the incidence of postnatal corticosteroid use was markedly higher in our study population, which consisted of survivors. This higher incidence of corticosteroid use might have influenced the incidence of LOS and BPD and mortality in an unpredictable direction 24, 25 .
In conclusion, LOS, particularly if complicated by multiple episodes or fungal infection, increases the risk of BPD in ELBW infants. Our findings suggest that infection control should be a target for the prevention of BPD.
Materials and Methods
Study design. This cohort study used prospectively collected data from 64 NICUs participating in the KNN, a nationwide neonatal registry. Each participating centre recorded the study variables into the KNN data system according to the standardised KNN data manual 26 . For the present study, eligible infants included preterm infants with a birth weight <1,000 g who were born between 1 January 2013 and 31 December 2015. We excluded infants with major congenital anomalies, death prior to 36 weeks of postmenstrual age (PMA) and positive blood cultures ≤72 hours after birth.
Data collection.
Maternal data included hypertension, premature rupture of membrane, diabetes, histological chorioamnionitis and the use of antenatal corticosteroids. The data collected on the infants included sex, gestational age, birth weight, small for gestational age, multiple births, delivery mode, Apgar scores at 1 and 5 minutes, need for resuscitation at birth, the duration of IMV and morbidities, including RDS, PDA, necrotising enterocolitis (NEC), IVH, ROP, BPD and LOS. Data on the duration of hospital stay were also collected. According Definitions. Maternal hypertension included pre-existing hypertension and/or pregnancy-induced hypertension 27 . Antenatal corticosteroid administration was defined as either completion or incompletion of dexamethasone or betamethasone before delivery. BPD was defined as a requirement for supplemental oxygen or positive pressure support at 36 weeks PMA, with severe BPD defined according to the National Institutes of Health criteria 28 . An episode of LOS was defined as a positive blood culture result after 72 hours of life for one or more bacteria or fungi that were treated with appropriate antibiotics for five or more days and occurred prior to 36 weeks PMA 13, 23 . A series of samples that were repeatedly positive for the same organism within seven days were considered part of the same episode 12 . If a different organism was cultured from a subsequent culture, this was considered an additional episode 23 . Multiple episodes of LOS were defined as two or more sepsis events regardless of the type of pathogen. The association of BPD with specific causative species of LOS was analysed using data from the first LOS episode of each infant. RDS was diagnosed based on typical chest x-ray findings and clinical symptoms requiring mechanical ventilator and/or non-invasive respiratory support after NICU admission. The treatment for PDA included medical treatment with ibuprofen or indomethacin and/or surgical ligation. NEC was confirmed using radiological or surgical findings, and only stage 2 or higher NEC was included for analysis according to Bell's criteria 29 . Severe IVH was defined as grade III or IV according to Papile's criteria 30 . The variation of care levels and treatment strategies between centres can influence the rates of LOS and BPD. However, data on the NICU level (i.e., level I, II and III) were not available in our KNN registry, and the provision of centre-identification data was not allowed according to KNN regulations 31 . We used the patient volume of the NICUs as an alternative for the level of NICU. The centres were categorised into three groups based on the number of NICU beds: 1-19 beds were classified as low-volume, 20-39 as mid-volume and 40 or more as high-volume.
Ethical approval and informed consent. The registration of data in the KNN was approved by the institutional review board of each participating hospital, and all methods were performed in accordance with the relevant guidelines and regulations. Informed consent was obtained from the parents of each infant prior to participation in the KNN registry. This study was approved by the Asan Medical Center Instituitional Review Board.
Statistical analysis.
Continuous normally distributed variables were expressed as means and standard deviations or interquartile ranges and were compared with a t-test. Categorical variables were expressed as numbers and percentages and were compared with a χ 2 test or Fisher's exact test as appropriate. To analyse LOS as a risk factor of BPD, propensity score matching was performed including perinatal demographics, clinical characteristics and the number of beds in each participating NICU; LOS and no LOS matched groups were divided, and McNemar's test, the marginal homogeneity test or a paired t-test were used. A multivariate logistic analysis was used to identify the factors associated with BPD, and the odds ratios were calculated by focussing on LOS. Using the previously prepared propensity score-matched data, the odds ratios of LOS were calculated as a risk factor of BPD and the number of beds and were compared. Statistical analyses were performed using SPSS version 23.0 (IBM Corp, Armonk, NY) and R version 3.1.2. Statistical significance was defined as p < 0.05.
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